ABSTRACT Hydrogenase (hydrogen:ferricytochrome c3 oxidoreductase, EC 1. 12.2. 1) from Desulfovibrio vulgaris was encapsulated in reversed micelles with cetyltrimethylammonium bromide as surfactant and a chloroform/octane mixture as solvent. Reducing equivalents for hydrogenase-catalyzed hydrogen production were provided-by vectorial photosensitized electron.transfer from a donor (thiophenol) in the organic phase through a surfactant-Ru2, sensitizer located in the interphase to methyl viologen concentrated in the aqueous core ofthe reversed micelle. The results show that reversed micelies provide a microenvironment that (i) stabilizes hydrogenase against inactivation and (ii) allows an efficient vectorial photosensitized electron and proton flow from the organic phase to hydrogenase in the aqueous phase.
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It has been well established that surfactant molecules dissolved in organic solvents aggregate to reversed micelles in the presence of small amounts of water. Reversed micelles are of multiple interest for they create a microenvironment that provides a unique reaction medium.
An area of active current research is the photochemical investigation of these organized structures with the aim of obtaining structural characteristics (1-3) and of modeling natural processes such as photosynthesis (4) (5) (6) . The latter objective is of particular interest because it includes potential applications such as solar energy conversion and storage. Essential for efficient solar energy conversion and storage is the separation of photoproducts formed in photosensitized electron transfer reactions. Recently, Willner et aL (5) showed that effective separation ofphotoproducts can be achieved in a reversed micellar system by vectorial photosensitized electron transfer from a donor in the organic phase to an acceptor in the water pool and vice versa.
In addition, the application of reversed micelles in enzyme catalysis increases. Reversed micelles have been shown to provide a microenvironment for enzymes that protects them from the unfavorable action of organic solvents by means of surfactants. Hence, the study of structural and catalytic properties of enzymes can be extended to organic media. To date, several enzymes, such as trypsin, a-chymotrypsin, lactate dehydrogenase, peroxidase, and lysozyme have been encapsulated in the aqueous core of reversed micelles (7) (8) (9) .
In this study we entrapped hydrogenase (hydrogen:ferricytochrome c3 oxidoreductase, EC 1.12.2.1) from Desulfovibrio vulgaris in a reversed cetyltrimethylammonium bromide micelle; the objective was to obtain a highly organized system for an efficient coupling between hydrogenase and a photochemical system that produces reducing equivalents and protons necessary for hydrogenase action. 
(heptyl viologen), and. 1-octadecyl-l!-propylsulfonate-4,4'-bipyridinium bromide were gifts of M. Calvin.
Hydrogenase. Hydrogenase from Desulfovibrio vulgaris strain Hildenborough NCIB 8303 was purified as described by Van der Westen et aL (10) . The preparation used in this paper was a side fraction ofthe hydroxylapatite column and contained 230 jg ofprotein per ml and 156 units/ml as determined manometrically by the standard hydrogen production assay ofChen and Mortenson (11) (MeVt) was monitored at 602 nm; 13,600 M'1cm'1 was used as the extinction coefficient at 602 nm (13) . The quantum yield for hydrogen production was calculated by dividing the maximum rate of hydrogen production by the flux of light quanta absorbed (@H2)'
Miscellaneous. Hydrogen production was determined by gas chromatography (Pye Unicam GCD chromatograph equipped with a catharometer detector device). The Fe +/52 solution (10 mM sodium citrate/1.5 mM (NH4)2Fe(SO4)2/1.5 mM Na2S/ 50 mM Tris HCI, pH 8.0) was prepared anaerobically. The stock solution was diluted until a final concentration of0. 25 mM Fe2+ and 0.25 mM S2-was obtained in the water pools ofthe reversed micellar system.
RESULTS AND DISCUSSION
Several authors have reported that enzymes can be dissolved in organic solvents with the aid of surfactants while retaining their activity (7) (8) (9) . According to recent models (14, 15) , the protein is confined to the water pool in the reversed micelle. The polar heads ofthe surfactant molecules are directed towards the inside ofthe micelle. A water layer, its thickness depending on the water content of the system, separates the protein from the surfactant molecules, thus preventing its denaturation.
Here we solubilized hydrogenase from Desulfovibrio vulgaris in a chloroform/octane mixture-with cetyltrimethylammonium bromide as surfactant. Introductory experiments revealed that the rate of hydrogen production in this reversed micellar system, as measured in the standard assay with dithionite as electron donor and methyl viologen as electron carrier, is the same as in bulk water. This is in agreement with the findings of Martinek et aL (7) and Barbaric and Luisi (9) , who reported that the activity ofenzymes in reversed micelles remains the same or is sometimes even enhanced.
A schematic representation of hydrogenase entrapped in a cetyltrimethylammonium bromide-reversed micelle is shown in Fig. 1 . Also shown is a photochemical system used to generate reducing equivalents with a sufficiently low potential for hydrogen production. The components ofthis system were chosen in such a way that an efficient photosensitized electron transfer was obtained from a donor in the bulk organic phase to hydrogenase in the aqueous pool. An efficient combination proved to be thiophenol as electron donor, a surfactant-Ru2+ complex as photosensitizer, and methyl viologen as electron acceptor in the aqueous phase. In the absence of hydrogenase, illumination of this photochemical system results in the formation of MeVt as measured by its absorption at 602 nm (see Fig. 3, curve d) . This can be rationalized as follows. The surfactant-Ru2+ complex is located in the interphase and, upon illumination, transfers an electron to methyl viologen that is concentrated in the aqueous phase. Consequently, the photoproducts are confined to different phases, so back-electron-transfer reactions of the intermediate photoproducts are hindered. The resulting surfactant-Ru3+ complex is reduced by thiophenol and, thus, the sensitizer is recycled. Evidence for the localization of the surfactant-Ru2+ complex at the water/oil boundary was obtained by absorption spectroscopy (Fig. 2) . Ru(bipy)2+ derivatives have a marked solvent dependency of their optical absorption and emission spectra (16) . Consequently, the polarity of the environment of the chromophore could be assessed from the shape of the spectrum. The absorption spectrum observed in our reversed micellar system shows the characteristics ofa chromophore in an environment of intermediate polarity. Therefore, we conclude that the surfactant-Ru2+ complex is located in the interphase.
Some other sensitizers have been tested for their ability to transfer electrons from thiophenol in the organic phase to methyl viologen in the aqueous phase (Fig. 3) ogen reduction with the water-soluble sensitizers Ru(bipy)"+ and Zn(SPh)4Por4-in a system consisting ofwater droplets stabilized by dodecylammonium propionate in toluene. We expect that, as in our system, a significant improvement of the rate of viologen reduction will be observed when an interfacial sensitizer is used instead of a water-soluble one.
When hydrogenase was present in the aqueous interior ofthe micelle, methyl viologen was recycled and hydrogen was produced in half-molar amounts. In the absence ofmethyl viologen, no hydrogen could be detected. The maximum initial rate of hydrogen production in the complete system was 0.5 ml min-1 per mg of hydrogenase. The stoichiometry of the overall reaction is such that all protons that are liberated during oxidation of the donor are consumed during the hydrogenase-catalyzed production of hydrogen, provided that an efficient proton transfer from the organic phase to the aqueous phase occurs. In Table  1 exchange their contents at a time scale of 1-10 X 10' sec (18) (19) (20) . This implies that the surfactant-Ru2+ complex can also be quenched by other methyl viologens than those located in the same reversed micelle and that virtually all MeVt is available as a substrate for hydrogenase. In literature (15), the aggregation number for reversed micelles of ionic surfactants ranges from 300 to 1,200. This implies that routinely one hydrogenase, -z600 surfactant-Ru2+ complexes, and =20,000
MeV2+ were present per 3,000-10,000 micelles. Therefore, the observation that, under these circumstances, hardly any MeVt could be detected during steady-state illumination indicates that the photochemical components of the system are rapidly exchangeable. We tried to increase the quantum yield for hydrogen production by using viologen derivatives that are known to be more efficient in quenching the excited state of the surfactant-Ru2+ complex than methyl viologen (21) . For this purpose, the surfactant viologens 1, 1'-diheptyl4,4'-bipyridinium dibromide and 1-octadecyl-1'-propylsulfonate44'-bipyridinium bromide were used. In both cases, the rate of viologen reduction was enhanced =6-fold as compared to methyl viologen. However, in the presence of hydrogenase, no hydrogen was produced. A reasonable explanation for this phenomenon is that these surfactant viologens become apolar upon reduction and, therefore, are extracted into the continuous organic phase. Attempts to direct the electron flow in the opposite direction to the aqueous phase by adding methyl viologen to the system were unsuccessful. Apparently the rate ofextraction into the organic phase is rapid compared to the rate of electron transfer to methyl viologen.
Beside thiophenol, other donors [mainly tertiary amines such as tri(alkyl)amines and di(alkyl)anilines] were tested for their ability to donate electrons from the organic phase to the oxidized sensitizer located in the interphase. Unfortunately, none of them were active. As pointed out by Willner et al. (6) , this might be attributed to the unique properties of thiophenol: (i) its slightly polar nature allows it to enter the water/oil interphase and (ii) thiophenol becomes more apolar upon oxidation (diphenyldisulfide) and will be extracted into the bulk organic phase. Consequently, separation of photoproducts is achieved, and back-electron-transfer reactions are hindered. Another important feature is that the enzyme stability in reversed micelles is sometimes greater than in aqueous solution (7, 9) . This was also the case in our system with hydrogenase from D. vulgaris. In an aqueous medium, hydrogenase loses 90% of its activity as measured by the standard assay with dithionite and methyl viologen after 10 days of storage in air at 220C (10) . Under similar circumstances hydrogenase in a reversed micelle had lost only 20% of its activity (Table 2 ). This shows that entrapment in the aqueous core ofa reversed micelle is more favorable for hydrogenase than freedom in aqueous solution. Apparently reversed micelles provide a microenvironment for hydrogenase that stabilizes its hydrogen-producing activity against inactivation. Table 2 further shows that the rate of photosensitized hydrogen production is less than the dithionite activity. This clearly indicates that, under our experi-Proc. Natt Acad. Sci. USA 79 (1982) (Fig. 4, curve a) . This indicates that hydrogenase is provided with sufficient protons from thiophenol during catalysis. If not, hydrogen production in this system would have ceased shortly after the onset of the photochemical reactions due to depletion of protons in the aqueous core. Hence, upon illumination, both protons and electrons from thiophenol are transferred from the organic phase to hydrogenase in the aqueous phase. However, the rate of hydrogen production gradually decreased in time. After 18 hr of continuous illumination, neither flushing with argon to remove the hydrogen produced nor addition of dithionite to the system resulted in renewal of hydrogen production. This indicates that hydrogenase was inactivated. In the presence of Fe2" and S', higher rates were observed (Fig. 4, curve b) . The maximum rate thus obtained was 0.7 ml min'1 per mg of hydrogenase with a quantum yield of 2%. However, no long-term stabilization was achieved.
In conclusion, reversed micelles provide a microenvironment that (i) stabilizes hydrogenase as compared to an aqueous medium and (ii) allows efficient coupling between hydrogenase and a photochemical system that produces reducing equivalents for hydrogenase. As a result, a relatively efficient (PH2 = 1.3%-2.0%) light-driven system that produces hydrogen in an organic medium has been obtained.
